Concerns have been raised about the potential health effects of potential bystander exposure to exhaled aerosols from e-vapor products (EVPs). An exhaled breath collection system (EBS) was developed and analytical methods were verified for collection and analysis of exhaled breath from users of EVPs. Analytical methods were adapted and verified for collection of environmental air samples during EVP use in an exposure chamber. Analysis of constituents in exhaled breath focused on nicotine, propylene glycol, and glycerin (because these are reported as the major constituents in EVPs) and selected carbonyl compounds (acetaldehyde, acrolein, and formaldehyde). Analysis of environmental samples included nicotine, propylene glycol, glycerin, 12 volatile organic compounds (VOCs), 15 carbonyl compounds and 4 metals. The EBS and analytical methods used were found to be suitable for collection and analysis of the target constituents in exhaled breath. Environmental sampling for background levels of VOCs and carbonyl compounds found only acetone, acetaldehyde, benzene, ethylbenzene, formaldehyde, isoprene, methyl ethyl ketone, hexaldehyde, propionaldehyde, and toluene above the limit of quantification in some samples. None of the targeted metals were detected. Background levels of VOCs and carbonyl compounds were consistent with levels previously reported for ambient air.
Introduction
Concerns have been raised about the potential health effects of potential bystander exposure to exhaled aerosols from e-vapor products (EVPs; also known as e-cigarettes or ENDS e electronic nicotine delivery systems) (Riker et al., 2012; Lippi et al., 2014; Offermann, 2014; Torjesen, 2014; Hess et al., 2016) . In order to understand every possible situation that an individual could be exposed to exhaled EVP aerosol (e.g., car, home, etc.) numerous controlled studies would need to be conducted. Conducting numerous experimental studies to address each situation where human exposure to exhaled EVP aerosol could occur is inefficient and unlikely to provide necessary information in a timely manner. The US Environmental Protection Agency (EPA) has utilized various modeling approaches when evaluating ambient or indoor air quality concerns (EPA, 2016a, b) . Initial efforts of modeling exhaled EVP aerosols (Burstyn, 2014) have used various assumptions based upon EVP emissions generated using machine puffing (Offerman, 2015) or used estimates of the amount of a specific chemical (nicotine) that might be in the exhaled EVP aerosol (Colard et al., 2015) . Based upon sensitivity analysis in their modeling work, Colard et al. (2015) concluded that the amount of exhaled constituent was the most important parameter when modeling potential aerosol exhaled from EVP use.
A few studies (Long, 2014; Marko and Grimalt, 2015; St. Helen et al., 2016; Gallart-Mateu et al., 2016) quantified selected constituents in the exhaled breath of EVP users. Long (2014) collected three replicate exhaled breath samples from 10 subjects who used two different disposable EVPs and measured water, glycerin, nicotine, and selected phenolic and carbonyl compounds by modifying a method used for collection of cigarette smoke with an exhaled breath collection system (EBS). The method required vacuum assistance due to the pressure drop of the collection system, which used a single filter to collect water, glycerin, nicotine, and selected phenolic compounds while dual 2,4-dinitrophenyhydrazine (DNPH)-coated filters were used to collect selected carbonyl compounds. Marko and Grimalt (2015) reported using the Bio-VOCs exhaled air sampler (Markes International Ltd., Llantrisant, UK) to study volatile organic compounds (VOCs) in exhaled breath of EVP users. They accounted for potential metabolic differences between subjects by measuring constituents in exhaled breath 20 min after EVP use. With a single inhalation from an EVP, the concentration of exhaled constituents declines with each subsequent breath due to dilution. For modeling purposes, the breath that is immediately exhaled by EVP users is most relevant for potential exposure to exhaled EVP aerosol. To determine the retention of nicotine, propylene glycol (PG), and glycerin in 13 EVP users, St. Helen et al. (2016) collected their exhaled breath in three gas-washing bottles connected in series, and they also collected blood samples. They determined that 93.8%, 91.7%, and 84.4% of the inhaled nicotine, propylene glycol, and glycerin were retained, respectively. Other investigators studied EVP aerosols generated using machine puffing and hypothesized the potential exposure to exhaled EVP aerosols neglecting the effect of aerosol deposition in the respiratory tract of the EVP users (McAuley et al., 2012; Pellegrino et al., 2012; Zhang, et al., 2012; Czogala et al., 2014; Bekki et al., 2014; Geiss et al., 2015) . Schripp et al. (2013) indicated that consideration of exhaled EVP aerosol is critical for determining its potential influence. Other investigators incorporated respiratory tract deposition into their studies by reporting levels of selected constituents from environmental samples collected in a room where EVP use had occurred (Romagna et al., 2012; Czogala et al., 2014; Ballbe et al., 2014; Schober et al., 2014; Maloney et al., 2016) . Some studies also measured biomarkers in individuals exposed to exhaled aerosol from EVP users Tzatzarakis et al., 2013) or lung function ). Yet, none of the available studies provide a combined measurement of constituent levels in the immediately exhaled breath of EVP users together with constituent levels in the environmental air of a room with EVP users that can be used for modeling purposes.
In support of a planned clinical trial, the purpose of this work was to develop and verify simplified sampling methods for the detection of selected chemical constituents in the exhaled breath of EVP users and in environmental air from a room with EVP users. The clinical trial was designed to collect exhaled breath and environmental sampling data for modeling the potential exposure to exhaled aerosols from EVP users. Details of the clinical trial are reported separately (Sarkar et al., 2017; Rostami et al., 2016) .
Material and methods
Sampling techniques were developed, and analytical methods were adapted, to measure selected constituents in the exhaled breath of experienced adult EVP users. Collection efficiency of the selected constituents was determined using mainstream EVP aerosol generated by a smoking machine. The feasibility of environmental sampling during 3 h was assessed in an office space using a smoking machine to generate EVP aerosol prior to performing environmental sampling at the clinical trial site. Based upon this feasibility work, a new derivatization method was developed and verified to improve the recovery and detection of aerosolized glycerin in ambient air. The environmental sampling techniques and improved analytical methods were employed at the clinical trial site to collect environmental air samples for measurement of selected constituents in a room at several time points during 4 h of prescribed and ad lib EVP use. The clinical trial site was a mobile environmental exposure chamber (EC; Inflamax Research Inc., Ontario, Canada) that was located in the warehouse of Highpoint Clinical Trial Center located in High Point, NC. The EC was a mobile, self-contained (having an independent and controllable heating, ventilation, air conditioning [HVAC] system) unit measuring 113 m 3 (6.25 Â 6.25 Â 2.89 m; width Â length Â height).
Similar exposure chambers have been used in human allergen exposures (Bernstein et al., 2012; Meyer et al., 2013; Patel et al., 2013 
Exhaled breath collection
The EBS consisted of an RTube™ (Respiratory Research, Austin, TX) connected to dual, in series, filter holders, each containing a Respirgard II™ filter. The RTube™ portion of each EBS was cooled by an insulated aluminum jacket that had been kept on dry ice for at least 10 min prior to sample collection. The following chemical compounds were targeted for measurement because they have been reported as major constituents in the exhaled breath from EVP users: nicotine, PG, glycerin, acetaldehyde, acrolein, and formaldehyde. Two separate collections were performed. The first collection used the EBS with uncoated Respirgard II™ filters for nicotine, PG, and glycerin. The second collection was for carbonyl compounds using the EBS with the Respirgard II™ filters that had been pretreated with DNPH, which was used in other studies to collect carbonyl compounds (Moldoveanu and St. Charles, 2007; .
In order to determine collection efficiency of the EBS, machinegenerated mainstream aerosol samples from EVPs were first collected using validated methods. For all testing of the EBS, EVPs were smoked using an SM450 20-port linear analytical smoking machine (Cerulean Inc., Richmond, VA). Consistent with previous work (Flora et al., 2016) , the puffing regime was one puff every 30 s with a duration of 4 s and a puff volume of 55 mL collected using a constant flow rate "square" wave profile. Aerosol was generated from the prototype device Green Collection efficiency for the selected carbonyl compounds was evaluated by passing 2 L of acetaldehyde (128.5 ppm) and acrolein (128.5 ppm) in nitrogen through the EBS. Five samples were collected and analyzed immediately, and five additional samples were collected and analyzed 20 min after sample collection to determine stability and time required to form the DNPH derivatives.
For nicotine, PG, and glycerin analysis, the RTube™ fraction was rinsed with 10 mL of isopropyl alcohol (IPA) containing a known amount of internal standard (n-heptadecane). The Respirgard II™ filters were extracted with 10 mL of IPA containing a known amount of n-heptadecane and shaken at 200 rpm for 30 min. An aliquot of each sample solution (RTube™ and filters) was analyzed using an Agilent Model 6890 gas chromatograph equipped with a flame ionization detector (GC-FID; Agilent Technologies, Santa Clara, CA) and an Restek Stabilwax ® 30 m Â 0.32 mm, 1.0 mm column (Restek Corp., Bellefonte, PA).
For acetaldehyde, acrolein, and formaldehyde analyses, the RTube™ fractions were rinsed with 1 mL of DNPH trapping solution and then 4 mL of a neutralization solution of 5% pyridine in acetonitrile. The DNPH-coated Respirgard II™ filters were extracted with 10 mL of the neutralization solution and shaken at 200 rpm for 30 min. An aliquot of each sample solution (RTube™ and filters) was analyzed by high performance liquid chromatography with ultraviolet detection (HPLC-UV). For these analyses, an Agilent Model 1100 HPLC equipped with a UV diode array detector was operated at 365 nm, and a Supelco Ascentis ® Express C18 3.0 Â 75 mm, 5 mm column (Supelco Inc., Bellefonte, PA) was used.
Feasibility assessment
To assess the ability of the environmental analytical methods to detect exhaled EVP constituents, a test for the principal EVP mainstream aerosol constituents (nicotine, PG, and glycerin), selected VOCs, carbonyl compounds, and metals in ambient air samples was performed. Ambient air samples were collected on two days from an unused office at the Enthalpy Analytical, Inc. facility (Durham, NC). The office measured 25.5 m 3 (3.0 Â 3.25 Â 2.62 m; width Â length Â height) and was compliant with all applicable building codes. The sample collection points were located below the HVAC intake vent on the ceiling. All samples were collected with the HVAC system in the "on" position and the fan operating continuously during sample collection. The room thermostat was set to 70 F. The air exchange rate in the room was determined by measuring the airflow in the supply duct, and it was calculated at 6.0 exchanges per hour. Aerosol was generated from the MarkTen ® Classic EVP (Nu Mark LLC, Richmond, VA; 1.5% nicotine by weight). To generate the aerosols, zero-grade compressed air was pushed through the ventilation hole of new, unused, fully charged devices, which caused aerosol to exit the mouth end of the device. Ten puffs were taken on three EVPs at four time points (0, 60, 120, and 180 min). The equipment and conditions used in the EBS work were also used in this work. The weight of each EVP was measured before and after puffing. Ambient room air was continuously pulled through a series of sample collection traps; a set of traps was removed 15 min after the initiation of each time point (i.e., 15, 75, 135, and 195 min) . Therefore, the room air pulled through each trap represented the cumulative collection period. For example, the traps that were removed 15 min after the 120 min time point had been sampling room air for a total of 135 min. At each collection time (except at 195 min), samples were removed as close as possible to 15 min after the aerosol generation. Total sampling volume was based on the sampling rate using 15, 75, 135, and 195 min as the total sampling time. At the 195 min collection time, the sample collection system was switched off and the remaining samples were removed from the room.
Environmental sampling at clinical trial site
Based upon previous published studies, very low levels of chemical constituents were anticipated. Therefore, to evaluate the developed ambient air sampling techniques and provide background levels of the target analytes, ambient air samples were collected over two days at the clinical trial site. Samples were collected at four locations: (1) center of the EC with the HVAC blower in the "off" position on day 1 and in the "on" position on day 2; (2) warehouse sampling point (Warehouse) located inside the warehouse building on day 1; (3) the outdoor sampling point (Outdoor) located directly outside the warehouse building on day 2; and (4) lounge/waiting area (Lounge) at the clinical trial site on day 2 (Fig. 1 ). Samples were collected in duplicate every 2 h from approximately 7:00 a.m. through midnight (07:00e24:00) over two days, with a duplicate 8 h samples collected from midnight through 8:00 a.m. (24:00e08:00; overnight) for two days.
Two collocated sampling trains were used to collect samples for VOCs, carbonyl compounds, and metals analyses: SVI™ thermal desorption tubes (PerkinElmer Inc., Waltham, MA) were used to collect samples for selected VOCs, DNPH-coated silica gel adsorbent tubes (#226-119, SKC Inc., Eighty Four, PA) were used for carbonyl compounds, and quartz filters (#225-401, SKC, Inc.) were used for metals. Samples for analysis of metals were collected on day 2 from the center of the EC. The SVI™ thermal desorption tubes and DNPHcoated silica gel adsorbent tubes were divided into a front half (FH) and back half (BH) for analysis.
Before and after sample collection, the flow rate of each sampling train (nominal flow rates of 200 mL/min for carbonyl compounds, 60 mL/min for VOCs, and 1700 mL/min for metals) was measured using a Gilibrator Primary Air Flow Calibrator (Sensidyne, LP, St. Petersburg, FL) . If the flow rate difference between preand post-measurements was greater than 10%, the post-flow rate was used for the sampling volume calculation. The resulting concentration is reported as micrograms per actual cubic meter of air sampled (mg/m 3 ). Concentration was calculated by dividing the analyte mass in the sample by the volume of air that passed through the trap.
Analysis of VOCs
VOCs collected on SVI™ thermal desorption tubes were analyzed following thermal desorption by gas chromatography using mass spectrometry (GC-MS). This analysis was based on International Organization for Standardization (ISO) standard16000-6 (ISO, 2011a) and EPA draft method 325B (EPA, 2015). The scope of EPA draft method 325B covers 1,3-butadiene, benzene, ethylbenzene, and toluene. An Agilent Model 6890N, gas chromatograph equipped with a 5973N mass selective detector and a Restek Rxi-624 Sil MS, 60 m Â 0.25 mm Â 1.0 mm capillary column was operated in selective ion monitoring (SIM) mode. The furan standard was purchased from Sigma-Aldrich (St. Louis, MO); ethylene oxide and propylene oxide standards were purchased from Customgas Solutions (Durham, NC). The standards for vinyl chloride, 1,3-butadiene, isoprene, nitromethane, vinyl acetate, benzene, 2-nitropropane, acetone, and ethylbenzene were purchased from Linde Spectra Environmental Gases (Stewartsville, NJ). Nicotine and nitromethane were calibrated by linear regression with a coefficient of determination (R 2 ) greater than 0.99. All other compounds were calibrated using average of response factors with a percent relative standard deviation less than 30% (EPA, 1999b) . In a preliminary study to assess potential breakthrough of the SVI™ thermal desorption tubes, samples were collected using two tubes connected in series for the longest time period (180 min). No target analytes were detected in the second tube, therefore only a single SVI™ thermal desorption tube was used to collect subsequent samples.
Analysis of carbonyl compounds
Carbonyl compounds were collected using DNPH-coated silica gel adsorbent tubes having two media beds (FH and BH) separated by glass wool. Carbonyl analyses followed the procedures detailed in ISO-16000-3 (ISO, 2011b) and EPA compendium method TO-11A (EPA, 1999a). For these analyses, an Agilent Model 1100 HPLC equipped with a UV diode array detector was operated at 365 nm, and a Supelco Ascentis ® Express C18 3.0 Â 75 mm, 5 mm column was used. The DNPH-coated media were removed and extracted with 2 mL of acetonitrile. The samples were shaken at 450 rpm for 15 min and then analyzed for the carbonyl compounds listed in the EPA compendium method TO-11A (EPA, 1999a) (formaldehyde, crotonaldehyde, o-tolualdehyde, acetaldehyde, butyraldehyde (butanal), m-& p-tolualdehyde, acetone, benzaldehyde, propionaldehyde, isovaleraldehyde, hexanaldehyde (also known as hexaldehyde), valeraldehyde, 2,5-dimethylbenzaldehyde, and acrolein) and methyl ethyl ketone (MEK). In a preliminary study to assess potential breakthrough of the FH and BH of the DNPH-coated silica gel adsorbent tubes, samples were collected at the longest time period (180 min). No target analytes, except acetone, were detected in the BH, therefore only the FH media bed was analyzed in subsequent samples.
Analysis of PG and glycerin
Samples collected on a XAD-7 adsorbent tube (SKC 226-95) were analyzed for PG and glycerin following the procedures in ISO 16200-1 (ISO, 2001 ). An Agilent Model 6890 GC-FID and an Agilent DB-1 30 m Â 0.32 mm Â 0.25 mm column were used for these analyses. Each sample tube fraction, FH and BH, was extracted with 2 mL of methanol containing a known amount of internal standard, n-heptadecane, and shaken at 450 rpm for 40 min. The test samples were found to contain extremely low amounts of glycerin, so the calibration range was adjusted accordingly. Unfortunately, the continuing calibration standards for glycerin did not meet method criteria, with percent accuracy values between 25% and 88%. The calibration was repeated using an alternative column with no improvement in performance. Glycerin adsorption by the GC system was suspected as the primary cause of poor reproducibility. The poor quantification of glycerin necessitated use of an alternative analytical method. Several published studies reported interactions between glycerin and GC columns (Porter and Auansakul, 1982; Yao and Porter, 1996; Grob and Barry, 2004) , therefore, a derivatization technique to replace the glycolic protons with silyl ethers was performed. Briefly, an aliquot (100 mL) of sample was spiked with 200 mL of a solution containing diethylphthalate and 1-tetradecanol in dimethylformamide. Acetonitrile (3 mL) was added, and the sample was evaporated to 100 mL under a stream of nitrogen to remove IPA and water. An additional 3 mL of acetonitrile and 100 mL dimethylformamide was added. The sample was again evaporated to 100 mL, and 100 mL of N-methyl-N-tert-butyldimethylsilyltrifluoroacetamide with 1% tert-butyldimethylchlorosilane was added, the tube was sealed and then placed in a water bath at 85 C for 2 h. Subsequently, an additional 100 mL of dimethylformamide was added, and the sample was evaporated to 100 mL under a stream of nitrogen. Standards containing glycols in IPA were prepared at concentrations ranging from about 2 to 2000 mg/mL.
Samples were quantified by the internal standard method. Using the least-squares method, a line was fitted to the response of the calibration standards (N ¼ 6), resulting in R 2 of 0.9996 for glycerin and 0.9994 for PG. Method precision was evaluated by analyzing samples in duplicate and calculating the percent difference for each pair of non-zero results. The average difference was 8.2% for glycerin (N ¼ 14) and 8.9% for PG (N ¼ 20). Method accuracy was evaluated by analyzing fortified and unfortified duplicate sample aliquots and calculating spike recovery. Average recovery was 107% for glycerin (N ¼ 9, RSD ¼ 14%) and 109% for PG (N ¼ 9, RSD ¼ 13%). Long term, average recovery of the derivatized surrogate compound 1-tetradecanol was 103% (N ¼ 557, RSD ¼ 2.7%). In a preliminary study to assess potential breakthrough of the FH of the tubes, samples were collected at the longest time period (180 min).
No target analytes were detected in the BH, therefore, only the FH media bed was analyzed for subsequent samples.
Analysis of nicotine
Nicotine samples collected on XAD-7 adsorbent tube (SKC 226-95) were analyzed following the procedures detailed in ISO 16200-1 (ISO, 2001 ). An Agilent 6890N, gas chromatograph equipped with a 5975B mass selective detector and an Agilent CAM 30 m Â 0.25 mm Â 0.25 mm capillary column was operated in SIM mode. Samples previously analyzed by GC-FID for PG and glycerin were re-analyzed for nicotine using GC-MS and deuterated nicotine as an internal standard in order to provide greater sensitivity. Each fraction was extracted with 2 mL of methanol containing d 4 -nicotine and shaken for 40 min. BH samples from the longest time period (180 min) in the preliminary study were analyzed for nicotine. No nicotine was detected in the BH, therefore only the FH media bed was analyzed for subsequent samples.
Analysis of metals
Metals (arsenic, cadmium, chromium, and nickel) were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) according to EPA compendium methods IO-2.1 (EPA, 1999c) and IO-3.5 (EPA, 1999d) and EPA Method 29 (EPA, 1992) . Analysis was conducted on a Perkin Elmer DRC-e ICP-MS, and the target elements were determined against an internal standard calibration curve. Each sample filter was placed into an open digestion tube with 15 mL of 3M HNO 3 and heated at 95 C for 1 h. The sample was allowed to cool to room temperature; the fluid was then transferred to another digestion tube, and the filter was rinsed with deionized water four additional times. The sample was brought to a final volume of 50 mL and analyzed by ICP-MS.
Results

Simulated exhaled breath
Recovery efficiency of nicotine, PG, and glycerin based upon mass lost from the prototype Green Smoke ® EVP averaged 90.2% (Table 1 ). The percentage of measured nicotine, PG and glycerin (Table 1) was consistent with the test formulation used in the prototype Green Smoke ® EVP used in this analysis (2.4% nicotine by weight; 43.7% PG and 43.7% glycerol, 10% water, and 0.2% proprietary formulation). The absolute mass of the constituents collected is shown in Table S1 of the Supplementary material. Recovery efficiency of acetaldehyde and acrolein (determined with reference gases) using the EBS was slightly less when analysis occurred immediately after sample collection compared to 20 min after sample collection (Table 2) .
Feasibility assessment
A total of 501 mg of aerosol was generated in the room air over a period of 3 h. PG was not detected in the method blank at levels above the limit of detection (LOD). The glycerin detected in the first method blank was attributed to carryover and was not detected above the LOD in the second method blank. Laboratory control samples were prepared and analyzed with the samples. The recovery values were 107% for PG and 74% for glycerin. Due to difficulties in recovery and analysis of glycerin from the samples a derivatization method was developed (see section 2.3.3). Nicotine was not consistently detected at any time point above the LOD which ranged from 0.141 to 0.24 mg/m 3 (see data in Supplementary material). None of the VOC compounds were consistently detected above background levels in all samples (see data in Supplementary material). Carbonyl compounds of interest were not detected in the method blank at levels above the LOD except for acetone. Acetone was detected in the method blank below the LOQ. None of the metals were detected in any samples (see data in Supplementary material).
Environmental sampling at clinical trial site
Depletion of DNPH was not observed in any of the FH fractions, therefore the BH fractions were not analyzed. For the measured background levels of VOCs, only benzene, isoprene, toluene, and ethylbenzene were found above the LOQ in some samples (Table 3) . Levels of benzene in the Warehouse were higher than levels in the EC. Levels of isoprene were highest in the Lounge. Levels of toluene were highest in the EC when the HVAC blower was off and dropped to less than half when the HVAC blower was on. Levels of ethylbenzene were higher in the Warehouse than in the EC with the HVAC blower off. When the HVAC blower was turned on, levels of ethyl benzene were below the LOQ. Results for 2-nitropropane and vinyl acetate are reported as estimated values. While the presence or absence of 2-nitropropane and vinyl acetate can be confirmed by the analytical method used, they did not meet the laboratory defined initial calibration criteria and all results should therefore be considered qualitative.
For the measured background levels of the carbonyl compounds, only acetaldehyde, acetone, acrolein, crotonaldehyde, formaldehyde, hexaldehyde, and propionaldehyde were found in samples above the LOD (Table 4) . Crotonaldehyde and hexaldehyde levels were detected in only one of the two replicate samples. Hexaldehyde levels were slightly above the LOD in the EC regardless of the whether the HVAC blower was on or off and one of the two replicate samples in the warehouse. Acrolein was found in the EC with the HVAC blower off and in one of two replicate samples in the Warehouse. Unlike formaldehyde, which was only found in the EC with the HVAC blower off, acetaldehyde and propionaldehyde were found in the EC regardless of whether the HVAC blower was on or off, and acetaldehyde was also found in one of the two replicate samples in the Warehouse. Formaldehyde was also found in one of the two replicate samples in the Lounge. Acetone was found in all samples from day 2 of sampling, but it was below detection in all samples collected on day 1. None of the target metals were found above the LOD with the HVAC blower on in the EC (see data in Supplementary material).
Based upon the inconsistencies seen in the analysis of carbonyl compounds and the need for low background levels, a photocatalytic purifier was installed into the outside air intake line, and a more detailed analysis of carbonyl compounds was conducted with simultaneous sampling over two days in the EC with the HVAC blower on and from the air intake line for the EC (outside of the warehouse) (see Supplementary material for tabular data). Additionally, two samples (Warehouse and ambient air) were collected during a period that lasted 4 h during the two days of sampling (see Supplementary material for tabular data). Acetone, acetaldehyde, and formaldehyde were measured consistently above the LOD at the air intake line and in the EC. Methyl ethyl ketone and hexaldehyde were consistently above the LOD in the EC but only four samples were above the LOD at the air intake line for MEK, and only a single sample was above the LOD for hexaldehde. Conversely, there was good correlation between detection of acetaldehyde above the LOD in both the air intake line and EC (Fig. 2) . The measured levels of acetone, acetaldehyde, formaldehyde, methyl ethyl ketone, and hexaldehyde were significantly higher in the Warehouse than Outdoor (see Supplementary material). A consistent trend was not seen for levels of propionaldehyde between the Warehouse samples and ambient air samples.
Discussion
Using smoking machine-generated EVP aerosol, the recovery efficiency of nicotine, PG, and glycerin from the EBS demonstrated that it is well suited for the intended purpose. Recovery efficiency of representative carbonyl compounds, acetaldehyde and acrolein, was also judged acceptable for use in analysis of exhaled breath. This method eliminates the need for vacuum assistance, which was required in the study by Long (2014) , and it makes collection much easier and reduces the chance of sample loss due to backpressure within the collection system.
Background levels of VOCs (benzene, isoprene, toluene, and ethylbenzene) detected at the clinical trial site are consistent with levels reported in ambient air (EPA, 2011) . A comparison of the levels of benzene, toluene, and ethylbenzene measured in the Warehouse to those measured in the EC (with the HVAC blower on or off) and the Lounge indicates that the Warehouse appears to be the source of the measured levels of benzene found in the EC. A higher level of isoprene measured in the Lounge is consistent with isoprene being endogenously produced in humans and exhaled (de Lacy Costello et al., 2014; Phillips et al., 2014) .
Similar to the background levels of VOCs, the background levels of carbonyl compounds (formaldehyde, acetone, acrolein, propionaldehyde, crotonaldehyde, hexaldehyde) in the initial measurements at the clinical trial site, as well as the more detailed carbonyl measurements (formaldehyde, acetone, propionaldehyde, crotonaldehyde, hexaldehyde, acetaldehyde, and MEK) conducted over two days at the clinical trial site are consistent with levels reported in indoor air (EPA, 2011; Ranci ere et al., 2011; Hult et al., 2015; Liu et al., 2006; Kim et al., 2013; Salthammer, 2015; Sarigiannis et al., 2011; WHO, 2010; Yu et al., 2014) .
In their measurement of machine-generated aerosol from EVP and environmental samples of exhaled aerosol from EVP use, toluene, in measurements of room air from a 60 m 3 non-ventilated room with three EVP users during 5 h of use. Although Goniewicz and Lee (2015) measured levels of cadmium, lead, and nickel from 150 puffs of machine-generated aerosol from 11 out of 12 EVP brands tested, we did not find any metals above background levels in the ambient air in the EC in our study. Schober et al. (2014) measured background levels of some VOCs (acetone, acrolein, benzene), carbonyl compounds (formaldehyde, acetaldehyde, butyraldehyde and benzaldehyde), and metals (arsenic, cadmium, chromium, and nickel) one day prior to their measurements of exhaled aerosols from EVP use. Only the measured levels of acetone and benzene during EVP use were higher than the background levels at their testing location (Schober et al., 2014) . One of the limitations of this work is the use of machine smoking for simulation of exhaled e-cigarette aerosol for qualification of the EBS, which can eliminate some confounding variables, although yields of target compounds may vary depending on puff duration and puff volume (Miller et al., 2015) . For example, in a review of compounds detected in exhaled breath of healthy humans, de Lacy Costello et al. (2014) reported that over 1000 compounds have been measured including some carbonyl compounds and VOCs. The carbonyl compounds detected in exhaled human breath included acetaldehyde and formaldehyde. Several VOCs (acetone, benzene, isoprene, and toluene) detected in our environmental sampling have also been measured in exhaled breath from healthy individuals (de Lacy Costello et al., 2014) . Also, this study focused on a limited range of target compounds and EVP products. It is possible that other, unknown compounds were formed that would not be detected by the methods used in this study, and other EVPs may produce levels of target analytes that would have been detected. Further work is also required to correlate measurement of chemicals in exhaled breath to clinical biomarkers of exposure or biomarkers of effect.
In summary, methods were developed and verified for detection of selected chemical constituents in simulated exhaled breath collected and for environmental air sampling in a room with EVP users. Measured background levels of selected VOCs, carbonyl compounds, and metals detected above the LOQ were consistent with measured levels previously reported in ambient air.
